The tau gene encodes a microtubule-associated protein that is critical for neuronal survival and function. Splicing defects in the human tau gene lead to frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17), an autosomal dominant neurodegenerative disorder. Genetic mutations associated with FTDP-17 often affect tau exon 10 alternative splicing. To investigate mechanisms regulating tau exon 10 alternative splicing, we have developed a green fluorescent protein reporter for tau exon 10 skipping and an expression cloning strategy to identify splicing regulators. A role for SRp54 (also named SFRS11) as a tau exon 10 splicing repressor has been uncovered using this strategy. The overexpression of SRp54 suppresses tau exon 10 inclusion. RNA interference-mediated knock-down of SRp54 increases exon 10 inclusion. SRp54 interacts with a purine-rich element in exon 10 and antagonizes Tra2␤, an SR-domain-containing protein that enhances exon 10 inclusion. Deletion of this exonic element eliminates the activity of SRp54 in suppressing exon 10 inclusion. Our data support a role of SRp54 in regulating tau exon 10 splicing. These experiments also establish a generally useful approach for identifying trans-acting regulators of alternative splicing by expression cloning.
Tauopathy is characterized by the formation of filamentous tau protein-containing inclusions in the affected brain regions. This is a group of genetically and phenotypically heterogeneous diseases, including Alzheimer's disease, Down's syndrome, several variants of prion diseases, progressive supranuclear palsy, amyotrophic lateral sclerosis, Pick's disease, corticobasal degeneration, and frontotemporal dementia (FTD) (reviewed in references 14 and 29) . Mutations in the tau gene cause frontotemporal dementia with Parkinsonism linked to chromosome 17 , an autosomal dominant neurodegenerative disorder. FTDP-17 is characterized by behavioral and personality changes as well as muscular rigidity similar to that found in Parkinson's disease.
Located on chromosome 17, the human tau gene encodes the microtubule-associated protein tau (33) . The tau protein is critical for microtubule assembly and stabilization, playing an important role in axonal growth and neuronal function (reviewed in references 1, 10, 14, 20, 25, 29, 31, and 43) . The expression of the tau gene is under complex regulation at multiple levels. In addition to the extensive posttranslational modifications of the tau protein, tau gene expression is regulated at the level of pre-mRNA splicing, the most upstream step of posttranscriptional RNA processing. In the adult human brain, six isoforms of tau proteins are produced as a result of alternative splicing of exons 2 and 3 and exon 10. Alternative pre-mRNA splicing of exon 10, with either exclusion or inclusion of exon 10, leads to the formation of tau proteins containing either three or four microtubule binding repeats (tau3R or tau4R). In normal human adult brain, the ratio of tau4R to tau3R is approximately 1. This delicate balance between tau4R and tau3R isoforms is crucial for neuronal function in maintaining learning and memory.
Two types of tau mutations have been identified in patients with frontotemporal dementia, missense mutations that affect tau protein function and splicing mutations that change the balance of different tau splicing isoforms (reviewed in references 1, 10, 14, 20, 25, 29, 31, and 43) . Most missense mutations occur inside or near the microtubule-binding domain and may reduce the ability of tau protein to bind to microtubules. Splicing mutations, including most intronic mutations and some exonic mutations, are associated with changes in the tau4R/tau3R ratio. The identification of these tau splicing mutations in FTDP-17 patients demonstrates the importance of controlling the balance of different tau isoforms by alternative splicing in neuronal function.
Molecular mechanisms underlying tau exon 10 splicing regulation remain to be elucidated. Only a few trans-acting splicing factors have been identified that regulate tau exon 10 splicing in the context of its native splice sites, although several known splicing factors have been tested using tau chimeric splicing cassettes (reviewed in references 1, 10, and 25). Our previous study established a tau minigene system containing tau exons 9, 10, and 11 in their native context. Using this minigene with biochemical approaches, we identified Tra2␤, a splicing regulator that binds to the purine-rich exonic splicing enhancer element in exon 10 and stimulates the inclusion of exon 10 (22) . In this paper, we report the development of an expression cloning approach that can be generally applicable to identifying trans-acting alternative splicing regulators. Using the expression cloning method, we have identified trans-acting factors that promote tau exon 10 skipping. One of these factors is a protein of the SR family, SRp54 (also named SFRS11). Using biochemical assays and transfection experiments, we have validated the role of SRp54 in suppressing exon 10 inclusion. Overexpression of SRp54 reversed the aberrant splicing of tau pre-mRNA containing an intronic mutation. Furthermore, UV cross-linking and splicing assays indicate that SRp54 suppresses exon 10 inclusion by antagonizing Tra2␤.
MATERIALS AND METHODS
Construction of tau minigene and GFP reporter genes. The tau exon 9-10-11 minigene, containing a single-nucleotide mutation in intron 10 and named the tau exon 9-10-11 DDPAC minigene, was described previously (21) . One base pair was inserted by site-directed mutagenesis into exon 10, and the BamHIEcoRI fragment containing the 94-bp exon 10 and flanking intronic sequences was used to replace the same region in the original tau exon 9-10-11 DDPAC minigene. The cDNA fragment encoding the enhanced green fluorescent protein (GFP) was inserted into the XhoI site to fuse in frame with exon 11. This resulted in the tau3R DDPAC -GFP reporter gene, and its sequence was confirmed by sequence analysis.
Construction of the cDNA library and expression cloning screening. A human fetal brain cDNA library was prepared using mRNA purchased from Clontech. A mammalian expression ZAP Express cDNA library system (Stratagene) was used to construct the human fetal brain cDNA library. The quality of this cDNA library was tested using reverse transcription-PCR (RT-PCR) and small-scale screenings. The library, representing 1.2 million individual cDNA clones, was subdivided into 400 primary cDNA pools (A1, A2,. . .A20; B1, B2,..B20;. . .T1, T2, . . .T20). Each pool contained approximately 3,000 cDNA clones. Each of these 400 primary pools was amplified for 6 to 8 h at 37°C after being carefully plated on 20-by 20-cm plates. cDNAs were prepared from each pool using the medium-scale plasmid preparation method, combining polyethylene glycol precipitation with an endotoxin-free DNA preparation kit (QIAGEN) to ensure a high quality of DNA preparations. For the first round of transfection, 40 combined primary pools were used for transfecting cells stably expressing the tau-GFP reporter genes. Each combined primary pool contained 20 individual primary pools that were combined in a grid fashion (A1-A20, B1-B20, . . .T1-T20 in 20 rows; A1-T1, A2-T2,. . .A20-T20 in 20 columns) (see Fig. 2 , part I, below). Using this grid design, 400 cDNA pools were tested in 40 transfections in 15-cm tissue culture dishes. Two methods were tested for identifying positive clones: fluorescence-activated cell sorting and visual inspection under an inverted fluorescence microscope. The latter method proved to be more efficient and was used in our screening. Eight positive pools were identified in the primary round of screening, and each pool was subdivided into 20 subpools. DNA was prepared from each pool and rescreened following transfection into reporter-expressing cells in 10-cm dishes or six-well-dishes. This process of redividing and rescreening was repeated for six rounds, at which time single cDNA clones were identified. Out of eight primary positive pools, six individual cDNA clones were isolated after six rounds of subdivision rescreening of cDNA pools.
Transfection, splicing assay, and RT-PCR. HEK293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and were seeded at 2 ϫ 10 5 cells/well in a six-well dish 24 h prior to transfection. A modified calcium phosphate precipitation procedure was used for transfection with 1 to 5 g of DNA as described elsewhere (23) . Cells were harvested 48 h after transfection, and the RNA was extracted using the TRIzol reagent (Invitrogen). Splicing products derived from the expressed tau minigenes were detected using RT-PCR as previously described (23) . To detect the endogenous tau and SRp54 expression in the human brain, poly(A) ϩ RNA samples of human fetal and adult brains were purchased from Clontech. RT-PCR was used to detect tau, SRp54, and actin RNAs using the corresponding specific primers.
UV cross-linking, immunoprecipitation assay, and RNA-protein interaction assays. Uniformly or site-specifically labeled tau pre-mRNA transcripts were prepared by in vitro transcription as described in our previous study (22) . Equal amounts of 32 P-labeled RNA transcripts, either uniformly labeled or site-specifically labeled, corresponding to different regions of tauEx10-11wt, were incubated for 30 min on ice with in vitro-translated SRp54-Flag or Tra2␤-myc proteins. Following UV-cross-linking and then RNase treatment, corresponding proteins were immunoprecipitated using specific antibodies. After immunoprecipitation using a monoclonal anti-Flag antibody or anti-myc antibody, the beads were washed three times in cold phosphate-buffered saline with 20 mM HEPES (pH 7.4), 175 mM NaCl, and 0.1% NP-40. The precipitated proteins were dissolved in sample buffer, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and detected by autoradiography.
RNA interference assay. An RNA interference assay was carried out in HEK293 cells as described previously (22) . The small interfering RNA oligonucleotides (Dharmacon, Lafayette, CO) were transfected at 0.2 M using Oligofectamine (Invitrogen) according to the manufacturer's instructions. The target site sequence for SRp54 corresponds to the coding region of nucleotides 361 to 380 (GenBank accession number NM_004768).
RESULTS
Construction of a tau-splicing GFP-reporter gene for cloning trans-acting splicing factors regulating tau exon 10 splicing. To construct a reporter gene for identifying trans-acting splicing factors regulating tau exon 10 splicing, we made use of the human tau minigene model that we previously established (21) . In this system, alternative inclusion or exclusion of the 93-bp exon 10 leads to the formation of tau4R and tau3R, respectively, similar to the endogenous human tau gene (21) . To develop an expression cloning strategy that allows us to systematically screen for factors repressing tau exon 10 inclusion in an unbiased manner, we utilized the tau minigene containing a single-nucleotide DDPAC mutation in intron 10 (19, 21) . The predominant splicing product of this DDPAC minigene is the exon 10 inclusion isoform (exon 10ϩ), tau4R. A tau exon 10 reporter gene, named tau3R DDPAC -GFP, was constructed using this tau minigene and a cDNA fragment encoding GFP. In the tau3R DDPAC -GFP reporter gene, a translation start codon ATG was added upstream of exon 9 so that the tau minigene produced a fusion protein containing the tau peptide fragment fused to GFP (Fig. 1A) . One base pair was inserted by site-directed mutagenesis in exon 10 such that exon 10 and exon 11 were not in the same reading frame when exon 10 was included. This tau3R DDPAC -GFP reporter contained the GFP gene in frame with exon 11. Thus, the GFP gene was expressed as a functional protein product only when exon 10 was skipped (Fig. 1A) . This allowed us to use GFP expression as an indicator of repression of exon 10 splicing.
We carefully compared the splicing patterns of the original DDPAC tau minigene and of the tau3R DDPAC -GFP reporter gene containing the 1-bp insertion. The insertion of the 1 bp and GFP-ORF did not affect the minigene splicing or RNA stability. Aberrant splicing product was not detected, such as that produced by the activation of cryptic splice sites (data not shown) (Fig. 1B) . This tau3R DDPAC -GFP reporter gene was transfected into HEK293 cells. By a sensitive radioactive RT-PCR assay, we demonstrated that tau reporter gene splicing produced exclusively the tau exon 10 inclusion isoform, and the tau exon 10-skipping isoform was not detectable, similar to the original tau minigene. This was the same pattern as with the DDPAC mutant tau gene found in the brain tissue of patients with FTDP-17 (21) . Consistent with this splicing pattern, the tau-GFP reporter showed a very low background of GFP reporter expression in HEK293 cells, and this facilitated the expression cloning screening described below.
Identification of trans-acting factors repressing tau exon 10 inclusion using expression cloning strategy. tau3R, the tau isoform lacking exon 10, is the predominant tau splicing isoform produced in the human fetal brain (reviewed in references 1, 10, and 25) (see Fig. 5 , below), suggesting that factors suppressing the tau exon 10 inclusion are expressed in the fetal 6740 WU ET AL. MOL. CELL. BIOL.
brain. Therefore, we used human fetal brain cDNA to prepare a cDNA library for this expression cloning screening. The cDNA library was prepared as described above in Materials and Methods. The library was subdivided into 400 primary cDNA pools. Following limited amplification, pooled cDNAs were prepared from each of these 400 primary pools and used for transfection, as described in Materials and Methods. For the first round of transfection, 40 combined pools of cDNAs were transfected in cells stably expressing the tau3R DDPAC -GFP reporter gene. Four hundred primary cDNA pools were combined in 40 group pools: A1-A20, B1-B20, . . .T1-T20 in 20 row-pools and A1-T1, A2-T2, . . .A20-T20 in 20 column-pools (Fig. 2, part I ). For example, if GFP expression activation was detected in both row-pool B1-B20 and column-pool A2-T2, it would indicate the presence of positive cDNA(s) in the B2 primary pool, and this pool would be further tested. This grid design allowed us to test 400 primary cDNA pools in 40 transfections (see Materials and Methods). Positive pools were subdivided in a similar fashion and tested in another round of transfection.
Because HEK293 cells had a high efficiency of transfection and a low background of GFP expression, we chose HEK293 cells to prepare a cell line stably expressing the tau reporter gene. A stable HEK293 cell line expressing the tau3R DDPAC -GFP reporter was established following selection with G418. The stable cell line showed the same pattern of tau exon 10 splicing as the original tau Ex9-10-11 DDPAC minigene, producing almost exclusively the exon 10ϩ tau isoform (Fig. 1B) . This stable cell line was used for screening the fetal brain cDNA library. Following each round of transfection, positive pools were identified by examining individual culture plates under an inverted fluorescence microscope for GFP expression (Fig. 2, part II) . The primary positive pools that showed activated GFP expression were identified, and the cDNAs in these pools were further subdivided. For each primary positive pool, 20 subpools were prepared and transfected into stable cells expressing the tau3R DDPAC -GFP reporter gene. The positive subpools were identified again based on GFP expression using inverted fluorescence microscopy and subdivided for another round of transfection (Fig. 2) . Six individual cDNA clones that activated GFP expression from the tau3R DDPAC -GFP reporter gene were isolated following six rounds of resubdivision and retransfection. Sequencing analyses of the cDNAs and databank searches showed that three clones encode novel proteins without detectable homology with known splicing factors, and these cDNAs are still under characterization. The fourth cDNA encodes the SRp75 protein and will be further pursued in a separate study. The remaining two cDNA clones encode a known SR protein, SRp54, and this protein is the focus of this report.
Confirmation of activity of SRp54 in regulating tau exon 10 splicing. To eliminate the possibility of exon 10 splicing-independent GFP activation and to confirm the activity of SRp54 in tau exon 10 splicing, we cotransfected HEK293 cells using the original tau Ex9-10-11 DDPAC minigene without the GFP insert together with a cDNA plasmid expressing SRp54. As shown in Fig. 3 , transfection using the control vector plasmid (lane 1) or expression plasmid for another SR protein, SRp40 (lane 2), did not have any detectable effect on exon 10 splicing. Transfection of SRp54 (lane 3) led to a significant increase in exon 10 skipping. This demonstrates that the effect of SRp54 detected during expression cloning is a result of repression of exon 10 inclusion, rather than other indirect effects on GFP expression.
To test the role of endogenously expressed SRp54 in regulating tau exon 10 splicing, we used RNA interference (RNAi) to reduce the expression of SRp54 and examine its effect on tau exon 10 splicing. Because the tau Ex9-10-11 DDPAC minigene gave rise to almost exclusively exon 10ϩ splicing product, it would be difficult to detect any further increase in the exon 10ϩ splicing isoform. Therefore, we used the wild-type tau exon 9-10-11 minigene to cotransfect cells in the RNAi experiments. The SRp54-specific RNAi was effective in reducing SRp54 expression at both RNA and protein levels ( Fig. 4A and  B, lane 3) , whereas the control RNAi for either luciferase or SRp40 did not affect SRp54 expression (Fig. 4A and B, lanes 1  and 2) . When the control or SRp40 RNAi was used, no changes were observed in the ratio of exon 10ϩ/exon 10Ϫ tau-splicing isoforms (Fig. 4C, lanes 1 and 2, respectively) . However, when SRp54 expression was reduced by RNAi, a significant reduction in exon 10-skipping tau splicing isoform with a concomitant increase in exon 10 inclusion isoform was detected (Fig. 4C, lane 3) . The effect on SRp54 RNAi was specific for tau exon 10 splicing, because no effects were observed on the alternative splicing of other genes tested, including Bcl-x and caspase-2 ( Fig. 4E and F, respectively) .
The expression level of the SRp54 gene in the human brain correlates with tau exon 10 alternative splicing changes. The alternative splicing pattern of human tau exon 10 undergoes developmental changes, switching from almost exclusively tau exon 10-skipping isoform during the fetal stage to approximately a 1:1 ratio of exon 10ϩ/exon 10-during the adult stage (reviewed in references 1, 10, and 25 and references therein). To begin to explore the potential involvement of SRp54 in regulating tau gene splicing during development, we examined the expression of the SRp54 gene in the fetal and adult human brain. Poly(A) ϩ RNA preparations of fetal and adult brains from Clontech were used in quantitative RT-PCR to examine tau exon 10 splicing and SRp54 expression. As shown in Fig. 5 , tau exon 10 splicing produced almost exclusively exon 10-skipping tau3R isoform in the fetal brain (Fig. 5, top panel, lane 1) . However, this tau splicing pattern was switched to produce approximately an equal ratio of exon 10ϩ and exon 10-isoforms in the adult brain (Fig. 5, top panel, lane 2) . SRp54 expression was detected at a high level in the fetal brain and significantly reduced in the adult brain (Fig. 5, middle panel,  compare lanes 1 and 2) . Actin was used as a control for the RNA input (Fig. 5, lower panel) . The change in SRp54 expression correlates well with its activity in suppressing exon 10 inclusion, suggesting that SRp54 may play a role in regulating tau exon 10 splicing during development.
SRp54 represses tau exon 10 splicing by antagonizing Tra2␤, suggesting a functional interaction between SRp54 and Tra2␤. Our previous study indicates that Tra2␤ enhances exon 10 inclusion (22) . This prompted us to test whether SRp54 could antagonize the activity of Tra2␤. HEK293 cells were cotransfected using the wild-type tau exon 9-10-11 minigene together with various amounts of SRp54 and Tra2␤ plasmids. As shown in Fig. 6 , when 1 g Tra2␤ plasmid was cotransfected with increasing amounts of SRp54 plasmid (0, 2, and 4 g, respectively, in lanes 1, 2, and 3), SRp54 antagonized the 1, 2, and 3, respectively) . tau exon 10 alternative splicing products were detected using RT-PCR.
FIG. 4. Down-regulation of endogenous SRp54
by RNAi increases tau exon 10 inclusion. HEK cells were cotransfected using the wildtype tau exon 9-10-11 minigene together with control RNAi (lane 1), SRp40 RNAi (lane 2), or SRp54 RNAi (lane 3) in all panels. Following transfection, the expression of SRp54 was examined by RT-PCR (A) or Western blotting (B). tau exon 10 splicing was measured using RT-PCR with specific exon 9 and exon 11 primers (C). Actin was included as a control for the total RNA input (D). Alternative splicing of Bcl-x and caspase-2 (E and F, respectively) was examined using RT-PCR with the corresponding specific primers.
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activity of Tra2␤ and switched the tau exon 10 splicing pattern from predominantly exon 10ϩ splicing to significantly more exon 10-splicing. Quantification of data from six independent experiments indicated that an increase in SRp54 expression changed the exon 10ϩ/exon 10-ratio from 3.5 to 0.9 to 0.15, respectively (Fig. 6, lanes 1, 2, and 3 ). On the other hand, when SRp54 was held constant, increasing amounts of Tra2␤ expression stimulated tau exon 10 inclusion, switching the exon 10ϩ/ exon 10-ratio from 0.3 to 0.59 to 1.6 (Fig. 6, lanes 4 , 5, and 6, respectively). This experiment demonstrates that SRp54 functionally antagonizes Tra2␤ in tau exon 10 splicing in transfected cells.
Competitive binding of SRp54 and Tra2␤ to the tau exon 10 splicing enhancer. To explore the mechanisms of SRp54 function in regulating tau exon 10 splicing, we examined the interaction between SRp54 with different regions of tau pre-mRNA (Fig. 7A) using UV cross-linking followed by immunoprecipitation. SRp54-Flag protein was prepared using in vitro translation and incubated with 32 P-labeled tau RNA transcripts under splicing conditions. A UV cross-linking-coupled immunoprecipitation experiment was performed as described in Materials and Methods. In the absence of SRp54-Flag protein, no cross-linking signal was detected (Fig. 7B, lane 1 and lane 5) . In the presence of nonspecific RNA, there was no specific cross-linking signal detectable with SRp54-Flag protein (Fig.  7B, lane 9) . When tauEx10-11 pre-mRNA was used, SRp54 binding was detected (Fig. 7B, lane 2) , and such a cross-linking signal was stronger when A2 RNA (tauEx10) was used (Fig.  7B, lane 3) . When exon 10 was deleted from tauEx10-11 premRNA, the cross-linking signal was significantly reduced (Fig.  7B, lane 4) . Because SRp54 functionally antagonizes Tra2␤ (Fig. 6 ) and Tra2␤ binds to exon 10 in the purine-rich enhancer region (22), we tested whether SRp54 interacted with the purine-rich region using tauEx10 transcript that was labeled with 32 P at the AAGAAG region. Indeed, UV cross-linking and immunoprecipitation indicate that SRp54 interacts with this region inside exon 10 (Fig. 7B, lane 6) . This cross-linking signal was significantly reduced when an excess amount of unlabeled tau exon 10 RNA was added in the cross-linking reaction (Fig.  7B, lane 8) . This signal was not reduced in the presence of an excess amount of unlabeled nonspecific control RNA (Fig. 7B,  lane 7 ). These results demonstrate that SRp54 specifically interacts with the AAGAAG purine-rich enhancer region inside tau exon 10.
We further tested whether SRp54 competes with Tra2␤, because they both bind to the same region in tau exon 10. Tra2␤-myc protein was in vitro translated and incubated with the site-specifically labeled tau exon 10 RNA. Following UV cross-linking and immunoprecipitation with a monoclonal antimyc antibody, the interaction between Tra2␤ and tau exon 10 RNA was detected by autoradiography following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 7C, lane  2) . The same UV cross-linking-immunoprecipitation experiment was carried out in the presence of an excess amount of a control protein (SRp40) or SRp54 (Fig. 7C, lanes 3 and 4,  respectively) . The addition of SRp54, but not SRp40, significantly antagonized the binding of Tra2␤ to the tau exon 10 RNA. These observations indicate that SRp54 competes with Tra2␤ in binding to the purine-rich enhancer region in tau exon 10 and suppresses exon 10 inclusion by antagonizing Tra2␤.
Deletion of the purine-rich element eliminates SRp54-mediated suppression of tau exon 10 inclusion. To test whether the purine-rich element in exon 10 is a functionally important SRp54 binding site, we deleted the AAGAAG sequence in tau exon 10. As shown in Fig. 8 , either wild-type tau exon 10 (A2, lane 1) or a mutant tau exon 10 with the AAGAAG sequence 
FIG. 6. Functional interaction between SRp54 and Tra2␤
. HEK cells were cotransfected using the tau exon 9-10-11 (wt) minigene together with different amounts of SRp54 and Tra2␤ plasmids. In lanes 1, 2, and 3, 1 g of Tra2␤ was cotransfected with 0, 2, and 4 g of SRp54 plasmid. In lanes 4, 5, and 6, 1 g of SRp54 was cotransfected with 0, 2, and 4 g of Tra2␤ plasmid. tau exon 10 splicing was measured using RT-PCR with specific exon 9 and exon 11 primers. Increasing amounts of SRp54 counteracted the effect of Tra2␤ in stimulating exon 10 inclusion. The exon 10ϩ/exon 10-ratio (Ex10ϩ/Ex10-) was determined using a phosphorimager and is shown at the bottom of the corresponding lanes.
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deleted (A2delBS, lane 3) or nonspecific RNA control (lane 2) was incubated with SRp54-Flag in the UV cross-linkingimmunoprecipitation experiment. Deletion of this purine-rich element significantly reduced the binding of SRp54 to the tau exon 10 transcript (Fig. 8A, compare lane 3 to lane 1) , although a low level of residual binding was detectable (Fig. 8,  lane 3) . This suggests that the AAGAAG sequence is a major binding site for SRp54 inside exon 10. The tau minigene containing the deletion of the purine-rich element was tested for exon 10 splicing. In the cells transfected with the original tauEx9-10-11 DDPAC minigene, SRp54 transfection led to a significant increase in exon 10-skipping splicing product (Fig. 8B, compare lane 2 with lane 1) . When the AAGAAG element was deleted, the basal level of exon 10 skipping was increased (Fig. 8B, lane 3) , suggesting that a splicing activator(s) interacting with this element, such as Tra2␤, may play a dominant role in exon 10 splicing. When cotransfected with SRp54, this mutant minigene with the deletion of the AAGAAG element showed no response to SRp54 (Fig. 8B , compare lane 3 to lane 4). Western blotting showed that a similar level of SRp54 was expressed in cells expressing the original DDPAC tau minigene (lane 2) and the mutant minigene with the deletion of the AAGAAG element (lane 4). These results indicate that the deletion of the AAGAAG element in exon 10 eliminates the response of the tau minigene to SRp54 and that the purine-rich sequence inside exon 10 is a major element responsible for SRp54 activity in suppressing exon 10 inclusion.
DISCUSSION
A large number of genes in the human genome undergo alternative splicing in their functionally important regions. Understanding how these alternative splicing events are regulated by cis-acting sequence elements and trans-acting splicing factors is a major challenge in functional genomic studies. In the past two decades, a number of alternative splicing regulators have been identified. Most known mammalian splicing factors have been identified by biochemical approaches, with their functional activity in splicing established by in vitro assays.
We have established a tau minigene system to study mechanisms regulating tau exon 10 alternative splicing. This model system for alternative splicing has several features. tau exon 10 alternative splicing regulation is clearly important for neuronal function. Both intronic and exonic mutations in the tau gene can disrupt the balance of tau4R/tau3R isoforms and lead to the development of tauopathy. tau exon 10 alternative skipping/inclusion represents a general paradigm for alternative splicing. A large number of genes important for neuronal func-FIG. 7. SRp54 interacts with tau pre-mRNA and competes with Tra2␤ in binding to the purine-rich element. A. Schematic illustration of RNA transcripts used for UV cross-linking experiments. RNA transcripts corresponding to either TauEx10-11 (A1), tau exon 10 (A2, TauEx10), or a downstream fragment (A3, TauDelEx10) or site-specific labeled tau exon 10 (A4, TauEx10*) were prepared and labeled with 32 P. B. UV cross-linking assay demonstrating that SRp54 interacts with tau pre-mRNA preferentially in the exonic region. Either uniformly labeled (lanes 1 to 4) or site-specifically labeled (lanes 5 to 8) forms were used, as follows: TauEx10-11 (lanes 1 and tion utilize alternative exon skipping/inclusion as a mechanism to generate functionally distinct protein products. Such exon skipping/inclusion represent a common mode for alternative splicing regulation in neural tissues. The establishment of a tau3R DDPAC -GFP reporter gene and the expression cloning strategy enabled us to identify splicing regulators based on their functional activity in regulating tau exon alternative splicing. Our expression cloning strategy should be generally applicable for identifying trans-acting factors involved in alternative splicing regulation of other genes.
Molecular mechanisms controlling tau exon 10 alternative splicing are not well understood. Several cis-acting regulatory elements have been identified that influence tau exon 10 alternative splicing. Many of the tau intronic mutations are near the splice donor site (5Ј splice site) of the intron following exon 10. Biochemical and structural studies support the model that intronic mutations near the 5Ј splice site following exon 10 destabilize a stem-loop structure and lead to enhanced U1 snRNP interaction with the 5Ј splice site of exon 10, and thus an increase in exon 10 inclusion and an increase in the ratio of tau4R to tau3R (16, 19, 21, 41) . Intronic splicing silencer and other regulatory elements have also been proposed to function as linear regulatory elements to modulate the splice site selection (9, 11) . Mutations may also disrupt the function of these splicing regulatory elements. In addition to intronic mutations, several exonic mutations, including N279K, Del280K, L284L, N296N, and S305N, also affect exon 10 splicing (reviewed in references 1, 10, and 25).
A number of known splicing regulators have been tested using a chimeric tau minigene (13) . An hnRNP protein, hnRNPE2, was isolated by the yeast three-hybrid assay and found to have a moderate activity in stimulating exon 10 splicing in a chimeric tau splicing cassette (4) . The overexpression of known splicing factors influences exon 10 splicing when cotransfected with a chimeric tau minigene (13, 44) . The effects of these splicing factors on tau exon 10 splicing have not been demonstrated in the context of the native tau gene splice sites. Two protein kinases have been reported to affect tau exon 10 splicing. Overexpression of cdc2-like kinase 2 represses exon 10 inclusion (17), whereas inhibition of GSK-3␤ kinase activity increases exon 10 splicing (18). Our previous study identified Tra2␤ as a protein stimulating exon 10 inclusion by interacting with the AG-rich splicing enhancer inside exon 10 (22) . The role of Tra2␤ in regulating tau exon 10 splicing has also been confirmed by other groups (8, 28, 44) . In this study, we report the development of a new strategy using an expression cloning to systematically screen for factors important for tau exon 10 skipping. Using this expression cloning method to screen the human fetal brain cDNA library, we identified SRp54 as a repressor for tau exon 10 inclusion. Interestingly, SRp54 acts by competing with Tra2␤ in binding to the purine-rich element in exon 10.
SRp54 was originally isolated as a nuclear protein with speckled intranuclear distribution (6). Our previous work demonstrated that SRp54 is an essential splicing factor of the SR protein superfamily (48) . Consistent with this, the SRp54 gene is required for viability in Caenorhabditis elegans (30) . In the current study, we report the identification of SRp54 using our expression cloning strategy based on its effect in stimulating tau exon 10 skipping. Down-regulation of SRp54 using RNAi increases tau exon 10 inclusion. The high level of expression of SRp54 in the fetal brain and its reduced expression in the adult brain correlate with the tau exon 10 alternative splicing pattern changes, supporting a role of the endogenous SRp54 protein in regulating tau exon 10 splicing during development. It is worth noting that tau exon 10 splicing regulation is species specific. Rodent tau genes express predominantly exon 10-containing tau4R in the adult, rather than producing an equal ratio of tau3R and tau4R, as in the human adult brain. At present, it is not clear how SRp54 expression in the human brain changes during neural development or whether SRp54 expression var- (A2delBS, lane 3) . B. Deletion of the AAGAAG sequence eliminated the activity of SRp54 in suppressing exon 10 inclusion. Cells were transfected with the original tau exon 9-10-11 (DDPAC) construct (lanes 1 and 2) or the minigene containing the deletion of AAGAAG (delBS, lanes 3 and 4) together with the control vector or SRp54-Flag (lanes 2 and 4). tau exon 10 splicing was examined using RT-PCR with tau exon 9 and exon 11 primers. The bottom panel shows that the expression of SRp54 was equivalent, as detected by Western blotting using anti-Flag antibody. (34) , and RNPS1 (35) . Tra2␤, on the other hand, binds SF2/ASF, SRp55, SRp30c, SAF-B, and hnRNP G (32, 39, 42, 44, 47) . In tau exon 10 splicing, our previous study and results from other groups show that Tra2␤ activates exon 10 inclusion (8, 22, 28, 44) . In this study, we show that in transfected cells, SRp54 antagonizes the activity of Tra2␤. Our UV cross-linking-coupled immunoprecipitation experiments indicate that SRp54 competes with Tra2␤ for binding to the purine-rich exonic element (Fig. 7C) . This provides a mechanism by which SRp54 represses tau exon 10 inclusion.
It is interesting that exon 10 skipping increased when the AAGAAG sequence was deleted from the tau minigene (Fig.  8B , compare the exon 10ϩ/exon 10-transcript ratio in lane 3 with that in lane 1). This suggests that a splicing activator(s) interacting with this purine-rich element, such as Tra2␤, plays a dominant role over a splicing repressor(s), such as SRp54, that interacts with the same element. Nonetheless, when this purine-rich element was deleted, the repression of exon 10 splicing by SRp54 was lost, demonstrating that interaction of SRp54 with this AAGAAG element is necessary for exon 10 splicing repression by SRp54 and that the residual binding of SRp54 to sequences outside this element is not important for such repression (Fig. 8) .
Sequence analyses and database searches show that mammalian SRp54 proteins are highly similar in peptide sequences, whereas Drosophila and nematode SRp54 protein sequences are more divergent from that of mammalian ones (B. Yu and J. Y. Wu, unpublished data). The Drosophila homologue of SRp54 binds C-rich pyrimidine tracts in short introns and promotes the binding of U1 and U2 RNPs to the flanking splice sites (26) . It has been proposed that SRp54 mediates interactions across the intron and across the exon by interacting with U2AF65 and SR proteins (26) . Our current data show that SRp54 interacts with the purine-rich exonic sequence and suppresses exon 10 inclusion. The peptide sequence differences in the fly and human SRp54 proteins may explain the differences in their RNA binding properties.
Identification of critical regulators for tau exon 10 alternative splicing not only helps us understand the regulatory mechanisms underlying tau alternative splicing but also provides useful information for designing future therapeutic approaches to correct the tau splicing defects. For example, SRp54, identified in this study, is capable of stimulating tau exon 10 skipping and reversing the tau4R/tau3R ratio to the normal 1:1 ratio in cells expressing the DDPAC tau splicing mutant gene. This suggests that activation or enhancement of SRp54 expression in the adult brain may have therapeutic potential in FTDP-17 patients who carry tau splicing mutations that cause excessive exon 10 inclusion.
